Introduction
Power transformers are very important equipments used in the distribution of electrical energy. In these devices, the high tensions delivered by the electrical systems are converted and transmitted to the residences, shops, and industries. Failure of the power transformers can cause serious economic problems in different segments of the society [1] .
The insulating system of the power transformers is composed of several materials including the insulating paper and oil. The insulating mineral oil is a petroleum-derived product formed essentially by aromatic, naphthenic, and paraffinic crudes [2] , which is used due to its dielectric and cooling properties. One of the main problems related to the maintenance of power transformers is the degradation of the oil because of the severe conditions of operation. The oil can be oxidized in the presence of water, oxygen (from air), and metals, which act as catalysts of the oxidation reactions [3, 4] . The oxidized oil loses your properties and is not able to promote the suitable insulation of the system.
The concentration of Cu is an important indicator of the conditions of the insulating oil, since there is a permanent contact between the oil and the copper induction coils used to transform the tension. The appearance of high concentrations of Cu in the oil indicates the transference of the metal from the coil to the oil due to the action of acid substances present in the oxidized oil. Besides, when high concentrations of Cu are found in the oil, the oxidation process is accelerated [5] . Nevertheless, only one work was found in the current literature regarding the determination of Cu and Fe in insulating oils utilized in power transformers. In this work, classical reagents were employed (bathocuproine and bathophenantroline for Cu and Fe, respectively), and the multivariate calibration by PLS was performed to model the system [6] .
The determination of metals in organic liquids, as the petroleum-derived insulating oils, is usually performed employing atomic spectrometric techniques. Nevertheless, before introducing this kind of samples into the spectrometers, they must be conveniently treated to avoid interferences. Several approaches have been used to perform this task. The most popular strategy is based on the total digestion of the oils using acid mixtures [7] [8] [9] [10] . The main problems related to this kind of procedure are the excessive dilution imposed to the samples, which impairs the limit of quantification and their possible contamination. Also, losses of the analytes are common when open flasks are employed in the digestion. Procedures based on the direct injection of emulsions [11, 12] and microemulsions [13, 14] prepared with the samples have also been proposed. In these cases, the main advantages are the low dilution imposed to the samples and the very easy preparation of the samples for analysis, which minimizes the contamination and losses. Recently, our research group proposed the use of the extraction induced by emulsion breaking, in which the metals are easily transferred from the oil to an aqueous acid solution, which facilitates the process of quantification [15] [16] [17] . The direct injection of oils (or even diluted in a convenient solvent) is not a simple procedure because of the high-intensity interferences generated when the refractory organic matrix is introduced in the atomic spectrometers [18] [19] [20] [21] .
The multivariate optimization of analytical methodologies is becoming more popular and can be considered an excellent alternative to the traditional mode of optimization based on the univariate approach. Several advantages are observed when multivariate optimization is performed instead of univariate optimization, such as the low number of experiments required to reach the optimized conditions and the possibility to observe the interactions among the variables.
The multivariate optimization is usually carried out in two steps. The first step comprises the identification of the significant variables, while the second step involves the optimization of the response of the system. The identification of the significant variables can be achieved through the use of screening methods such as the application of a two-level full (or fractional) factorial design. However, the full optimization can be achieved only through the application of methods able to identify the correct behavior of the response. The most common approach utilized for full optimization is the response surface methodology (RSM). In this field, the employment of the Doehlert design is becoming widespread for the optimization of analytical methods [22] [23] [24] [25] [26] and other procedures of chemical laboratories [27, 28] . Doehlert designs present some advantages over other second-order designs like Central Composite and Box-Behnken, such as the highest efficiency and the lowest number of experiments required to complete the optimization process.
Only few works are listed in the current literature regarding the use of Doehlert designs for the optimization of four variables [29] [30] [31] , which is the main goal of this work. In the present case, a dilute-and-shot procedure for Cu determination in insulating oil of power transformers by GFAAS was optimized using a twolevel full factorial design followed a four-variables Doehlert matrix application.
Experimental

Apparatus
The GFAAS measurements of copper were performed with a Varian AA240Z graphite furnace atomic absorption spectrometer (Mulgrave, Australia) equipped with a Varian GTA 120 atomizer unit and a Varian PSD 120 autosampler. The radiation source used in all experiments was a coded hollow cathode lamp of Cu furnished by Varian. Integrated absorbance measurements were performed using graphite tubes with integrated L'Vov platform made of pyrolytic graphite, and argon (99.99% purity) was employed as protective gas. The graphite tubes were also supplied by Varian, and the argon was supplied by Linde Gases (Macaé, Brazil). No chemical modifier was utilized in the copper measurements. The lamp current, wavelength, and the nominal spectral resolution were 5 mA, 324.8 nm, and 0.5 nm, respectively.
The thermogravimetric analysis of two mineral oils with different times of use was performed with a SDT Q600 analyzer from TA Instruments (New Castle, DE, USA). In this analysis, approximately 10 mg of each sample was inserted in the instrument, and the temperature was varied from 23°C (laboratory ambient temperature) to 600°C, under N 2 atmosphere, with a heating rate of 20°C min À1 .
Reagents and solutions
The solvents employed in this study (hexane and n-propy alcohol) were of HPLC grade and used without further purification. The signals of Cu yielded by such solvents were always of the same magnitude of the baseline noise. The solvents were supplied by Tedia (Fairfield, OH, USA).
The oil-based stock solution of copper with 1000 lg mL À1 concentration used in this present work was supplied by Conostan (Houston, TX, USA). When necessary, standard solutions of Cu were prepared by diluting the oil-based stock solution with hexane.
The samples analyzed in this work were furnished by CEPEL (Centro de Pesquisas de Energia Elétrica -Eletrobrás). They were collected from power transformers in different cities of Brazil and presented different times of use. A blended sample was prepared for the optimization experiments in order to avoid the use of samples with different concentrations of Cu, which would be difficult to compare.
Metal-free oil (non-used oil), also furnished by CEPEL, was employed for the construction of the analytical curves and for the dilution of the real samples that presented high concentrations of Cu.
Strategy of optimization
The strategy used in the optimization was based on three steps. In the first step, preliminary experiments were carried out to guide us in the establishment of the levels of the variables. These experiments comprised the construction of pyrolysis and atomization curves, and the thermogravimetric analysis of two insulating oils for the evaluation of the approximate temperature in which the insulating oil is distilled (or degraded). Then, five variables (temperature of pyrolysis, temperature of atomization, pyrolysis time, final temperature of the drying step, and the heating ramp in the drying step) were selected for the optimization experiments, which were performed in two additional steps. Initially, a twolevel full factorial design was run (2 5 ) for the identification of the significant variables. Such design generated a matrix with 35 experiments (32 regular experiments +3 experiments in the central point for the evaluation of the experimental variance). Afterward, the significant variables were selected and used to draw a Doehlert design for the optimization of the values using the response surface methodology (RSM). Again, three experiments were run in the central point of the design in order to estimate the experimental variance. The integrated absorbance of Cu was employed as analytical response, and the software Statistica (version 7) was used to process the obtained data.
Determination of Cu after total dissolution of the insulating oils
The total digestion of the samples of insulating oils was performed by acid dissolution in a closed-vessel microwave oven.
For this purpose, 350 lL of the samples was digested with 5 mL of concentrated HNO 3 (trace metal grade), and the final volume was completed to 10 mL. The obtained solution was injected (20 lL) directly into the GFAAS, and the measurement was carried out with the temperature program suggested by the manufacturer of the spectrometer (Table 1) , using the external calibration approach.
Determination of Cu by GFAAS with the optimized procedure
The measurement of Cu in the oils by GFAAS was performed by introducing 20 lL of the oil solutions in the graphite tube. The solutions were prepared by mixing 2 mL of the insulating oil with 2 mL of hexane. The experiments of optimization were run using the operational conditions expressed in the Section 2.1 and the program of temperatures indicated by the Doehlert design.
The concentration of Cu in the samples of insulating oil was determined by standard addition method using the optimized conditions. The standard addition curves were constructed by adding increased concentrations of Cu, in the form of organometallic standard diluted in hexane, to the samples. When necessary, the samples were diluted with the metal-free insulating oil before the analysis.
Results and discussion
Preliminary experiments
As mentioned previously, some preliminary experiments were run to help us in the identification of the suitable region for the multivariate optimization. The first preliminary experiment was the thermogravimetric analysis of the insulating oil, which provided some information regarding its thermal behavior. Two oils with different time of use were analyzed. The thermogravimetric analysis was performed under N 2 flux in order to simulate the inert atmosphere typically found in the GFAAS, where Ar flows during the thermal treatment imposed to the samples in the graphite tube. The temperature was varied in the range of 23-600°C.
As it can be seen in Fig. 1 , the two insulating oils presented similar thermal behavior, evidencing that it does not depend on the stage of degradation of the oil. In both cases, the loss of mass started at approximately 150°C, and the greatest part of the oil was eliminated at temperatures between 250 and 300°C. So, with this information in hands, we decided to establish the final temperature of the drying step of the initial program of temperature at 250°C.
After the final temperature of the drying step was established, the curves of pyrolysis and atomization (Fig. 2) were constructed to allow the establishment of a proper initial program of temperature. The pyrolysis curve was constructed in the range of 600-2000°C, employing the atomization temperature of 2000°C. No chemical modifiers were added, especially because of the difficult to mix the aqueous solution of the modifiers with the oil-based sample solutions. As it can be seen in Fig. 2 , the Cu present in the oil was stable until temperatures as high as 1200°C. For temperatures higher than 1200°C, a clear decrease in the signal was noted as result of the volatilization of the Cu in the pyrolysis step.
The curve of atomization was constructed by varying the atomization temperature between 1300 and 2500°C and keeping the pyrolysis temperature at 1100°C. As expected, the Cu signal increased with the increase in the atomization temperature until 1900°C. For temperatures higher than 1900°C, the signals remained almost constant, indicating that maximum atomization efficiency can be achieved in this range. It is important to notice that low background signals were observed in these experiments, and they were easily corrected by the Zeeman effect-based corrector of the instrument.
For comparison, the pyrolysis and atomization curves for Cu in aqueous solution were also constructed. As it can be seen, the profiles of the pyrolysis and atomization curves were similar to those observed for the Cu in the oil/hexane solution, being observed optimum pyrolysis and atomization temperatures very close to those verified in oil/hexane. This behavior evidenced that the thermal behavior of Cu in the different media was the same, indicating that the metal could be present in the same form, in the atomization step, for both cases.
The results obtained in the preliminary experiments made possible to set the initial program with convenient (not optimized) temperatures for drying and pyrolysis of the samples and for the atomization of Cu ( Table 2 ). The multivariate experiments were carried out by varying the levels of the selected variables around the values chosen for the initial program of temperatures.
Two-level full factorial design
A two-level full factorial experiment was designed to allow the identification of the significant variables of the system. Five variables were considered: pyrolysis temperature (PyTemp), atomization temperature (AtTemp), pyrolysis time (PyTime), final temperature of the drying step (DryTemp), and the heating ramp in the drying step (HRamp); all of them related to the temperature program. Variables related to the sample preparation were not taken into account because a dilute-and-shot procedure was employed. The samples were always diluted with hexane (2 mL of sample + 2 mL of hexane) to provide a solution with lower viscosity than the original oil. The total number of experiments was 35, which was the sum of the 32 (2 5 ) regular experiments indicated in the design +3 experiments in the central point, which were used to estimate the experimental variance. The regular experiments of the design were run with only one solution, while the experiments in the central point were performed with three independent solutions of the same sample. Also, the experiments were performed in a random order to avoid any tendency in the measurements. Table 3 shows all experiments of the two-level full factorial design and the responses obtained (as integrated absorbance of Cu).
The analysis of the results was carried out by calculating the standardized effects of the variables and their interactions, which were expressed in the Pareto chart of effects (Fig. 3 ). The Pareto chart of effects showed that three variables affected significantly the response: (i) the pyrolysis temperature, (ii) the atomization temperature, and (iii) the pyrolysis time. Additionally, the interactions of the ramp time (drying step) with the pyrolysis time and temperature were also significant.
The parameters related to the pyrolysis and atomization steps had most prominent effect on the response, evidenced by the highest value of the standardized effects of these variables. This fact showed that the pyrolysis and atomization temperatures have strong influence on the volatilization of Cu during the pyrolysis step and on the efficiency of atomization of the analyte in the measurement step. This behavior was already expected because the experimental domain employed in the multivariate optimization comprised the regions where these variables affected the signal, according to the preliminary experiments. More important was the significance of the interaction between these variables, which is never considered when pyrolysis and atomization curves are built up by the traditional mode.
The pyrolysis temperature had a negative effect on the response, which indicates that the variation of the pyrolysis temperature from the low to the high level caused a decrease in the Cu integrated absorbance. This result confirmed the results obtained in the preliminary experiments, when the use of temperatures of pyrolysis higher than 1200°C promoted the volatilization of the analyte in this step. As the high level of the pyrolysis temperature in the two-level design was 1400°C, there was a significant loss of the analyte (and the signal) when the level of this variable was changed from the low to the high value. The pyrolysis time also had a negative effect on the Cu integrated absorbance. This fact showed that the sample cannot be heated for long times in the pyrolysis step because the volatilization of Cu could occur. As expected, the interaction between these variables (pyrolysis time and temperature) also presented a significant negative effect, probably because the loss of Cu in the pyrolysis step is enhanced when a long heating time is combined with a high pyrolysis temperature. On the other hand, the effect of the temperature of atomization was positive, evidencing that the increase in the atomization temperature increases the efficiency of atomization for Cu in the range studied (2100-2500°C).
The parameters related to the drying step presented a minor effect on the signal of Cu, in comparison with the parameters related to the pyrolysis and atomization steps. The final temperature of the drying step alone did not affect the response. This occurred probably because the low (200°C) and the high (300°C) levels chosen for the design were in the range where the distillation of the oil occurs, according to the data of the thermogravimetric analysis. However, the interaction of the ramp time of the drying step with the pyrolysis time and temperature was relevant. This result evidenced the important effect of the heating rate in the drying step on the thermal behavior of Cu. Table 1 Temperature program employed for Cu determination in the aqueous solutions obtained after total dissolution of the insulating oil.
Step Temperature (°C) Ramp (s) Hold (s) Ar flow rate (mL min À1 )
Drying 85  5  -300  95  40  -300  120  10  -300  Pyrolysis  800  5  3  300  Atomization  2300  1  2  0  Cleaning  2400  2 The linear model constructed with the data obtained in the multivariate experiments permitted the comparison of the predicted values with the observed ones. In this case, a linear fit with a coefficient of determination (r 2 ) of 0.9353 was observed. The Analysis of Variance (ANOVA) showed that the regression model used to describe the system was significant from the statistical point of view, evidencing that the model is able to explain the behavior of the data.
Multivariate optimization using the Doehlert design
Since the significant variables were identified, a four-variables Doehlert design was draw to proceed the optimization of the method. The Doehlert design was chosen for this purpose due to its efficiency and the low number of experiments required to accomplishing the whole process of optimization. Table 4 shows the 23 experiments (20 plus the central point in triplicate) with the real and coded values of the variables, and the responses (integrated absorbance of Cu) obtained. The data obtained were treated and resulted in the following equation (Eq. (1) ) for the model that describes the dependence of the response in relation to the variables under evaluation: Y ¼ 0:1682 À 1:80 Â 10 À4 ðAtTempÞ þ 1:56 Â 10 À2 ðAtTempÞ 2 À 7:71 Â 10 À2 ðPyTempÞ À 6:63 Â 10 À2 ðPyTempÞ 2 À 3:20 Â 10 À2 ðPyTimeÞ þ 2:00 Â 10 À2 ðPyTimeÞ 2 þ 1:58 Â 10 À3 ðHRampÞ þ 2:14 Â 10 À2 ðHRampÞ 2 þ 1:24 Â 10 À2 ðAtTempÞðPyTempÞ þ 1:60 Â 10 À2 ðAtTempÞ Â ðPyTimeÞ À 1:13 Â 10 À2 ðAtTempÞðHRampÞ À 1:16 Â 10 À1 ðPyTempÞðPyTimeÞ þ 2:41 Â 10 À2 ðPyTempÞ Â ðHRampÞ þ 2:48 Â 10 À2 ðPyTimeÞðHRampÞ:
Before deriving the critical point (optimum conditions), the obtained model was evaluated regarding the adjustment of the experimental data. Firstly, the comparison between the observed and predicted values was tested, and a coefficient of determination (r 2 ) of 0.9897 was observed. Although the excellent correlation observed between the values, this parameter is not sufficient to attest Table 2 Initial temperature program, established after the preliminary experiments.
Step Temperature (°C) Ramp (s) Hold (s) Ar flow rate (mL min À1 ) Drying 50 5  -300  250  25  10  300  Pyrolysis  1100  2  2  300  Atomization  2100  0.8  3  0  Cleaning  2400  2  1  300   Table 3 Two-level full factorial design employed for the identification of the significant variables. The values between parentheses represent the coded variables. the statistical adjustment of the model. For this purpose, the ANOVA was employed at 95% confidence level. The results obtained in the application of ANOVA can be seen in Table 5 .
The results proved that the model does not suffer of lack-of-fit and that the regression is significant from the statistical point of view. The Pareto chart of effects was employed again to verify the influence of the variables under study (Fig. 4) . As expected, all variables related to pyrolysis and atomization presented significant effect on the response, including the interaction between the pyrolysis time and temperature. Additionally, the heating ramp in the drying step did not affect significantly the integrated absorbance of Cu, as occurred in the full factorial design.
The regression applied to the data yielded a surface with a saddle point, which was confirmed by the application of the Lagrange criteria [32] . This phenomenon can be explained by the shape of the curve of atomization obtained in the preliminary experiments, which presented an unexpected increase in the absorbance signal for temperatures higher than 2300°C (Fig. 2) , a temperature located inside the experimental region selected for the response surface optimization procedure. Even so, the coordinates of the critical point were calculated by solving the equation system formed by four linear equations obtained from partial derivation of the surface function (Eq. (1)) in relation to each variable: dY/dAtTemp = 0, dY/dPyTemp = 0, dY/dPyTime = 0 and dY/dHRamp = 0. The values of the variables found for the critical point were the optimum values, Fig. 3 . Pareto chart of effects for the application of the two-level full factorial design.
Table 4
Four-variables Doehlert design employed in the optimization of the proposed dilute-and-shot method for Cu determination in insulating oils of power transformers. The values between parentheses represent the coded variables. and these were employed for the determination of Cu by GFAAS, using the dilute-and-shot approach. The coordinates of the critical point were as follows: (1) pyrolysis temperature = 1127°C, (2) atomization temperature = 2337°C, (3) pyrolysis time = 5 s (divided in two sections of 2.5 s for ramp and hold), and (4) heating ramp in the drying step = 5.7°C s À1 . The final temperature of the drying step, which was not optimized with the Doehlert design, was set at 250°C, exactly in the middle of the range that was used in the full factorial design. So, the final program of temperature for the determination of Cu by GFAAS in the insulating mineral oils can be seen in Table 6 . The absorbance signals obtained for Cu in the optimized conditions presented a well-defined profile and low background, which was easily corrected the Zeeman effect-based corrector of the instrument (Fig. 5) . Before using the optimized method for the determination of Cu in real samples of insulating mineral oil, the stability of the solutions of oil in hexane was tested. For this purpose, the signal for Cu in the hexane solution was monitored for 120 min. The solution employed in this experiment was prepared by mixing 2 mL of a sample of mineral oil with 2 mL of hexane. This test was also performed, for comparison, using n-propyl alcohol as solvent. The results obtained in this experiment are shown in Fig. 6 . The solution prepared with hexane was stable along the whole time of the experiment (variation lower than 10%), in contrast with the solution prepared with n-propyl alcohol, where the signal of Cu decreased significantly only 5 min after the first measurement. The formation of unstable organic solutions (gasoline, in the case) of Cu was already reported by Campos et al. [33] . According to the authors, the signal obtained for Cu by GFAAS decreases continuously with time even when the flasks containing the solutions are sealed to avoid evaporation of the solvent. Therefore, the hexane was chosen as solvent for the method, using the same proportion employed in the previous experiments (2 mL oil + 2 mL hexane).
Analytical features of the optimized method and application
Initially, the optimized methodology was tested in relation to the suitable calibration strategy to be used. Although the application of the optimized temperature program made possible to eliminate the whole matrix of the sample before the atomization step, as confirmed by the low background signals observed in the measurement of Cu in the real insulating oil (Fig. 5) , the effect of the matrix was tested in order to verify if the calibration should be performed by whether external calibration or standard addition methods. For this task, standard addition curves were constructed with the samples and compared with the analytical curve constructed with a metal-free sample (nonused insulating oil). It is important to notice that Cu was added to the oils in the form of an organometallic standard diluted in hexane, and that the samples were always analyzed by the dilute-and-shot approach, where the samples were diluted in a 1:1 ratio with hexane to decrease their viscosity and allow the correct introduction into the graphite tube. The obtained results can be seen in Table 7 . The slopes of the standard addition curves varied from sample to sample, in spite of the fact that some of them were diluted with the metal-free oil before the analysis, evidencing the strong effect of the matrix on the signal the analyte obtained by GFAAS. Also, the analytical curve constructed with the metal-free insulating oil was not able to simulate the behavior of the samples, making imperative the use of the standard addition method for the determination of Cu. The difference among the calibration curves could be related to the difference in the physical characteristics of the insulating oil samples, since it was noted, previously, that the thermal behavior of Cu was similar when it is present in aqueous or organic media.
As there are no certified reference materials for metals in this kind of sample, a recovery test was performed to evaluate the accuracy of the developed procedure. Also, the samples that contained the highest concentrations of Cu (S 3 and S 6 ) could be analyzed after their total digestion in a closed-vessel microwave oven, and the results were compared with those obtained by the proposed method.
The recovery test was carried out by the addition of known amounts of the analyte to the samples (in the organometallic form) followed by its determination using the optimized method. The results obtained in the recovery test are presented in Table 8 . As it can be seen, the recovery ratios varied in the range of 86.5-107%. The slopes of the standard addition curves constructed in the recovery test were very similar to the slopes of the curves constructed in the determination of Cu, reinforcing the idea raised previously that the matrix of the samples influences the behavior of Cu inside the graphite tube during the thermal treatment. Also, the concentrations of Cu determined after total digestion of the samples S 3 and S 6 were not statistically different of the concentrations of Cu determined by the proposed method (Student test, 95% confidence level), which attested the accuracy of the developed methodology ( Table 9 ).
The limits of detection (3s) and quantification (10s) for the methodology were calculated from the standard deviation of 10 injections of the blank (metal-free oil) and using the analytical curve constructed with the metal-free oil. The limit of detection 
Table 9
Comparison between the concentrations of Cu found by the developed methodology and after the total dissolution of the samples. The critical value of t (n = 3, p = 0.05) is 4.303.
Sample Cu proposed method (lg L À1 ) Cu total dissolution (lg L À1 ) a t value S 3 332 ± 18 330 ± 22 0.122 S 6 220 ± 21 220 ± 11 0.0073 was 1.6 lg L À1 , and the limit of quantification was 5.3 lg L À1 . The RSD was calculated from 10 injections of the metal-free oil diluted in hexane (1:1) and was 3.7%. The limit of quantification for Cu obtained by the application of the proposed methodology was better than those previously reported for this kind of analysis by spectrophotometry, which was 0.14 lg mL À1 [6] . Additionally, it seems to be good enough for the determination of Cu in insulating oils with different times of use, since the concentration of the analyte was always higher than the LOQ in the seven samples analyzed in this work.
Conclusions
The determination of Cu in the petroleum-derived insulating oils used in power transformers could be performed by GFAAS without any laborious pretreatment of the samples. The diluteand-shot approach was successfully applied for this task and provided reliable results.
The multivariate optimization based on the response surface methodology (RSM) showed to be very suitable for the optimization of the temperature program, providing optimum conditions for the measurement of Cu signals by GFAAS free of interferences from the background, a very common problem verified in the direct analysis of samples with refractory organic matrices. The employment of the two-level full factorial design followed by the application of the Doehlert design for the multivariate optimization allowed a fast and efficient optimization process and supplied important information regarding the interactions among the variables.
The dilute-and-shot procedure was based on the dilution of the samples with hexane (1:1) and direct introduction of the obtained solution into the graphite tube of the GFAAS. Hexane provided more stable solutions than n-propyl alcohol for the measurement of Cu. Even after the dilution with hexane, the behavior of Cu in the GFAAS was dependent of the oil, which made imperative the use of the standard addition method for the determination of Cu in the samples.
